This study investigated factors associated with the development of human herpesvirus (HHV)-6 encephalitis. Among 111 enrolled subjects, 12 patients developed central nervous system (CNS) dysfunction. CNS dysfunction in four patients was found to have no association with HHV-6. The remaining eight patients displayed HHV-6 encephalitis (n ¼ 3), limbic encephalitis (HHV-6 DNA in cerebrospinal fluid was not examined; n ¼ 3) or CNS dysfunction because of an unidentified cause (n ¼ 2). Realtime PCR showed CNS dysfunction in the latter eight patients, which developed concomitant with the appearance of high plasma levels of HHV-6 DNA (X10 4 copies/ml). Overall, eight of the 24 patients with high-level HHV-6 DNA developed CNS dysfunction, whereas no patients developed CNS dysfunction potentially associated with HHV-6 infection if peak HHV-6 DNA was o10 4 copies/ ml. We next analyzed plasma concentrations of IL-6, IL-10 and tumor necrosis factor-a among patients who displayed high-level plasma HHV-6 DNA and found elevated IL-6 concentrations preceding HHV-6 infection in patients who developed CNS dysfunction. (Mean ± s.d.: 865.7 ± 1036.3 pg/ml in patients with CNS dysfunction; 56.5±192.9 pg/ml in others; P ¼ 0.01). These results suggest that high-level HHV-6 load is necessary for the development of HHV-6 encephalitis, and systemic inflammatory conditions before HHV-6 infection form the preparatory conditions for progression to encephalopathy.
Introduction
Human herpesvirus (HHV)-6 infection is relatively common among SCT recipients, [1] [2] [3] [4] and a minority of patients with HHV-6 infection develop HHV-6-associated complications. Encephalitis (encephalopathy) has been recognized as a life-threatening complication associated with HHV-6 infection in SCT recipients. [5] [6] [7] Quantification of the level of HHV-6 DNA in peripheral blood is useful to detect active HHV-6 infection in SCT recipients.
2-4,6-11 To date, five longitudinal studies have shown a correlation between the detection of HHV-6 DNA in peripheral blood and the development of central nervous system (CNS) dysfunction, with incidences ranging from 3.6 to 8.0%. [2] [3] [4] 12, 13 Retrospective surveillance by a Japanese group has shown that 0.96% of patients were identified with HHV-6 encephalitis.
14 A high incidence (11.6%) of HHV-6 encephalitis in patients receiving alemtuzumab-supported conditioning has been reported. 15 Mortality rate for HHV-6 encephalitis is high, and surviving patients often display lingering neurological compromise. 3, 5, 16 Factors associated with the development of encephalopathy, however, have yet to be clarified well. Each of these epidemiological studies [2] [3] [4] 12, 13 has indicated that higher levels of HHV-6 DNA in peripheral blood are associated with the development of CNS dysfunction. However, not all patients with high HHV-6 load develop CNS dysfunction, suggesting that other factors are required for progression to encephalopathy.
Increased proinflammatory cytokines are considered to play pathogenic roles in the development of CNS manifestations in various viral infections, including influenza virus, [17] [18] [19] respiratory syncytial virus infection 20 and primary HHV-6 infection. 21 SCT recipients are considered to have a tendency to display hypercytokinemia in the early phase of SCT because of engraftment syndrome (ES), 22 GVHD 23 or infectious diseases. Hypercytokinemia may thus be involved in the development of HHV-6 encephalitis in SCT. This study measured HHV-6 DNA loads and cytokine concentrations in plasma among the SCT recipients, and evaluated associations between development of HHV-6 encephalitis and these factors. Patients who died from any cause within 21 days of SCT, and patients who received a second transplant were excluded, resulting in a final total of 111 subjects. This included 79 patients who had participated in earlier reported studies: one as a retrospective study linking plasma HHV-6 DNA with clinical manifestations, particularly encephalitis (n ¼ 50); 3 and the other as a study evaluating the efficacy of pre-emptive approaches to prevent HHV-6 encephalitis (n ¼ 29). 13 Patient characteristics are summarized in Table 1 . All study protocols were approved by the ethics committee of the Oita University Faculty of Medicine, and the written informed consent was obtained from each patient before participation.
Patients and methods

Patients
Clinical definitions
The diagnosis of CNS dysfunction was based on a careful neuropsychiatric evaluation by a neurologist. CNS dysfunction was defined as the presence of lethargy or apathy, disorientation regarding time or place, personality change, systemic convulsions, loss of consciousness or memory loss (could not remember daily events and failed memory testing on routine neurological examination) that persisted for 424 h. HHV-6 encephalitis was defined as the presence of CNS dysfunction, a positive PCR result for HHV-6 in cerebrospinal fluid (CSF), and the absence of other identified cause of CNS dysfunction.
14 If no testing was performed to test for the presence of HHV-6 DNA in CSF, possible HHV-6 encephalitis was defined as the presence of CNS dysfunction, demonstration of limbic encephalitis 24 on magnetic resonance imaging, and the absence of other identified cause of CNS dysfunction. Diagnosis and grading of acute GVHD was on the basis of the standard clinical criteria. 25 Presence of ES was defined according to the criteria proposed by Spitzer.
22
Sample preparation
The EDTA-treated peripheral blood was collected weekly. Blood samples collected 1-70 days after transplantation were evaluated. A median of 10.0 samples (range: 3-12) was obtained from each patient. Total number of plasma samples was 970.
Assay Plasma HHV-6 DNA copy numbers were measured using real-time PCR methods, as described earlier.
3 Plasma HHV-6 load was quantified retrospectively for the first 50 patients, and prospectively for the last 61 patients. Plasma concentrations of IL-6, IL-10 and tumor necrosis factor-a were determined using sandwich-type ELISA kits (R&D Systems, Minneapolis, MN, USA) in accordance with the instructions from the manufacturer.
Statistical analysis
Statistical tests were performed using Statview for Macintosh software (version 5; Abacus Concepts) and Prism for Macintosh (version 5; GraphPad Software, San Diego, CA, USA). Univariate analyses were performed using Fisher's exact test or Mann-Whitney U-test. Values of Po0.05 were considered statistically significant in all analyses.
Results
Among the enrolled 111 patients, 60 patients (54%) displayed positive HHV-6 DNA in plasma. Onset of positive HHV-6 DNA results occurred at a median of 18 days (range: 3-61 days) after SCT. Median maximum plasma HHV-6 DNA load among positive cases was 3717.25 copies/ml plasma (range: 63.5-372, 696.0 copies/ml plasma).
By day 70 after transplantation, 12 patients had developed CNS dysfunction (Table 2 ). CNS dysfunctions in four cases (Cases 1-4) were found to have no association with HHV-6 (calcineurin inhibitor-associated encephalopathy, n ¼ 1; CNS dysfunction because of hypercalcemia, n ¼ 1; CNS leukemia, n ¼ 1 and CNS dysfunction because of unidentified cause but negative results for HHV-6 DNA in CSF, n ¼ 1). In these four patients, plasma HHV-6 DNA did not peak at the time of developing CNS dysfunction ( Figure 1a ). Although HHV-6 DNA peaked 7 days before developing CNS dysfunction and was also detectable on the day of CNS dysfunction in Case 3, the cause of CNS dysfunction in this case was revealed as CNS leukemia. Among the remaining eight patients (Table 2) , three patients were defined as having HHV-6 encephalitis (Cases 5-7) and three patients were defined as having possible HHV-6 encephalitis (Cases 8-10). Etiologies for CNS dysfunction in the remaining two cases (Cases 11 and 12) could not be shown. CNS symptoms for Case 11 were systemic convulsions and coma after short-term memory loss, whereas those for Case 12 were systemic convulsions and coma. Details of the characteristics and clinical courses for six of these eight patients have been described in earlier reports. 3, 13 Examination of plasma HHV-6 DNA levels showed that HHV-6 DNA peaked concomitant to the development of CNS dysfunction in all eight patients (Figure 1b) . The range of peak HHV-6 DNA among each of the eight patients was 20 647-208 614 copies/ml plasma (median, 72 403 copies/ml plasma). Table 3 shows the association between peak HHV-6 load in each recipient and development of CNS dysfunction. None of the 87 patients developed HHV-6 encephalitis or possible HHV-6 encephalitis if peak HHV-6 DNA in plasma was o10 4 copies/ml, whereas six of 24 patients who developed HHV-6 encephalitis or possible HHV-6 encephalitis showed HHV-6 DNA exceeding 10 4 copies/ml (Po0.0001, Fisher's exact test). None of the 36 patients with peak HHV-6 DNA at 50-9999 copies/ml plasma developed CNS dysfunction concomitant to presenting with peak HHV-6 DNA, whereas eight of the 24 patients with peak HHV-6 DNA X10 4 copies/ml developed CNS dysfunction concomitant to presenting with peak HHV-6 DNA (P ¼ 0.0003, Fisher's exact test). Thus, we defined plasma HHV-6 DNA level of X10 4 copies/ml as high-level HHV-6 DNA.
Eight of 24 patients (33.3%) who displayed high-level HHV-6 DNA developed CNS dysfunction at the time of presenting with peak HHV-6 DNA, whereas the remaining 16 patients with high-level HHV-6 DNA did not develop CNS dysfunctions. Characteristics were compared between recipients who developed CNS dysfunctions and those who developed high-level HHV-6 DNA but no CNS dysfunction (Table 4 ). Episodes of ES or GVHD Xgrade II at 0-10 days before the day of peak HHV-6 load were significantly associated with progression to CNS dysfunction (P ¼ 0.03, Fisher's exact test). ES cannot be separated from GVHD in some cases, because ES was likely to represent an early manifestation of GVHD in these cases. C-reactive protein levels at 0-10 days before the day of peak HHV-6 load were significantly higher in patients who developed CNS dysfunction than in patients who displayed high-level HHV-6 DNA without CNS dysfunction (P ¼ 0.03). We next analyzed plasma concentrations of IL-6, IL-10 and tumor necrosis factor-a among recipients who displayed high-level HHV-6 DNA. This examination was available for 17 patients (CNS dysfunction, n ¼ 7; no neurological complications, n ¼ 10) for whom plasma samples had been cryopreserved. Figure 2a shows the sequential analysis of plasma cytokine concentrations. In most patients who developed CNS dysfunction, plasma IL-6 levels sharply elevated around 1 week (5-8 days) before the day of peak HHV-6 load. Maximum cytokine concentrations from samples collected 0-10 days before the day of peak HHV-6 load in each patient were compared (Figure 2b) . Mean (±s.d.) IL-6 concentrations were significantly higher in recipients who developed CNS dysfunction (865.7 ± 1036.3 pg/ml) than in recipients without neurological complications (56.5±192.9 pg/ml, P ¼ 0.01).
Discussion
Although HHV-6 reactivation is relatively common among SCT recipients, the incidence of HHV-6 encephalitis is low. Little is known, however, about factors associated with the development of HHV-6 encephalitis.
Twelve patients in this study developed CNS dysfunction. Of these, four patients showed no association with HHV-6. Clinical definition of the remaining eight patients was HHV-6 encephalitis (n ¼ 3), possible HHV-6 encephalitis based on magnetic resonance imaging findings (limbic encephalitis) (n ¼ 3), and CNS dysfunctions because of unidentified cause (n ¼ 2), because of a the lack of testing for HHV-6 DNA in CSF for five patients. In all of the eight patients, however, real-time PCR showed CNS dysfunction developed concomitant to the presence of high-level HHV-6 DNA in plasma. This observation strongly suggests an association between HHV-6 and the CNS dysfunction (HHV-6 encephalitis).
The present findings suggest that high-level plasma HHV-6 DNA is associated with the development of HHV-6 encephalitis. Under our real-time PCR assay system, threshold level for the development of HHV-6 encephalitis is thought to be around 10 4 copies/ml plasma. However, even in patients with high-level HHV-6 DNA, less than half of the patients developed CNS dysfunction. Comparison of characteristics between recipients who developed CNS dysfunction and those who developed high-level HHV-6 DNA without CNS dysfunction showed that episodes of ES or GVHD Xgrade II and levels of C-reactive protein at 0-10 days before the day of peak The day on which CNS dysfunction developed was plotted as day 0. The shaded area indicated values below the threshold for detection (o50 copies/ml).
Table 3
Association between plasma HHV-6 load and development of CNS dysfunction HHV-6 load were associated with development of CNS dysfunction. Pre-transplant conditioning and transplant type were not identified as significant factors in the development of CNS dysfunction. Longitudinal analysis of cytokine concentrations in plasma indicated that increased IL-6 preceding HHV-6 infection was associated with the development of CNS dysfunction. In most patients who developed CNS dysfunction concomitant to HHV-6 infection, IL-6 was suddenly and transiently elevated about 1 week before the development of CNS dysfunction. Such dynamic kinetics were not seen in patients who displayed high-level HHV-6 DNA without CNS dysfunction.
Several investigators have shown HHV-6 infection in the brain on samples from recipients who died of encephalopathy after SCT, showing that HHV-6 displays tropism for hyppocampal astrocytes. [26] [27] [28] These studies have suggested direct destruction of the CNS by HHV-6. This study showed a significant association between level of HHV-6 DNA and development of CNS dysfunction. CNS dysfunction developed around the day on which plasma HHV-6 DNA peaked at high level. These findings support the direct mechanism of HHV-6 establishing encephalopathy in SCT recipients and suggest that high-level HHV-6 DNA in plasma offers a marker for HHV-6 encephalitis. Table 4 Comparison of characteristics and laboratory data between two groups of patients displaying high-level HHV-6 DNA (plasma HHV-6 DNA X1 Â 10 4 copies/ml) (pg/ml) (pg/ml) (pg/ml) (pg/ml) (pg/ml) (pg/ml) (pg/ml) (pg/ml) (pg/ml)
CNS dysfunction
No neurological complications Key P = 0.01 We also showed the possibility that increased IL-6 before HHV-6 infection is predictive of the development of CNS dysfunction among patients displaying high-level HHV-6 DNA. Mechanisms potentially explaining the role of IL-6 are diverse and complex. Several reports have shown that increased proinflammatory cytokine levels, particularly IL-6, are correlated with the development of encephalopathy in various viral infections. [17] [18] [19] [20] [21] Influenza-associated encephalopathy is thought to be a consequence of systemic immune responses, 18, 19 and high plasma concentrations of IL-6 can predict the development of influenza-associated encephalopathy. 18 Infants with encephalopathy associated with primary HHV-6 infection show higher serum and CSF levels of IL-6. 21 As for HHV-6 encephalitis in SCT recipients, cytokines themselves may mediate the pathogenesis of CNS dysfunction. Possible mechanisms include epithelial and endothelial injury, 29 increased permeability of the blood-brain barrier or apoptosis in the cerebrum 30 resulting from hypercytokinemia. Interaction of hypercytokinemia and HHV-6 reactivation 31 may likewise be associated with progression to encephalopathy. Other possibilities can also be proposed. Therapy against hypercytokinemia-associated conditions may be linked to the development of CNS dysfunction. In this study, hypercytokinemia seems to have been caused by ES or GVHD in most patients who developed CNS dysfunction, and these recipients therefore received intensive steroid therapy. Steroid therapy is considered a strong risk factor for the development of HHV-6 encephalitis. 3, 5, 16 Impaired T-cell responses against HHV-6 because of steroid therapy may contribute to the development of CNS dysfunction. Whether the inflammatory reaction itself plays a causative role, or whether therapy against conditions showing an inflammatory reaction (steroid therapy for ES or GVHD) is associated with the development of HHV-6 encephalitis remains unclear. This issue needs to be clarified in the future.
The significance of plasma HHV-6 DNA for the detection of active HHV-6 infection may be controversial. 32, 33 The argument might be made that reverse transcription PCR for leukocytes to detect viral RNA offers a more reliable indicator of active HHV-6 replication. However, reliability of the procedure has not been evaluated well in SCT recipients, negative results may be difficult to interpret in leukopenic patients 6 and a specialized technique is required to quantify viral load. Quantification of viral DNA in peripheral blood by PCR is thought to be useful for monitoring active HHV-6 infection, 2-4,6-11 and such testing is recommended for the diagnosis of HHV-6 infection. 8 Therefore, we quantified plasma HHV-6 DNA copy number to evaluate active HHV-6 infection in this study.
This study displays some limitations. We evaluated only three types of cytokines, because only very small quantities of plasma had been saved in most cases. CSF samples were unavailable for analysis. Extensive analysis of cytokines and other humoral factors in plasma and CSF may provide a better understanding of the pathophysiological mechanisms underlying the development of HHV-6 encephalitis.
In conclusion, our analyses showed that HHV-6 encephalitis developed among patients who displayed high-level systemic HHV-6 infection, and increased levels of plasma IL-6 concentration before high-level HHV-6 DNA seem to predict progression to CNS dysfunction. The precise pathogenetic role of increased IL-6 remains obscure, but increased IL-6 may form a preparatory state for the development of CNS dysfunction. Countermeasures to the development of systemic inflammatory response in the early phase of SCT may be useful in preventing the development of HHV-6 encephalitis.
